Aims/hypothesis A reduction in the number of endothelial progenitor cells (EPCs) is considered a plausible cause of increased cardiovascular risk in diabetes mellitus. The aim of this study was to test the hypothesis that weak bone marrow mobilisation is responsible for the decrease in circulating EPCs in diabetes. Materials and methods We employed a model of hindlimb ischaemia-reperfusion (I/R) injury to study mobilisation of EPCs in control and streptozotocin diabetic rats. EPCs were defined by flow cytometry as Sca-1 + and Sca-1 + c-kit + peripheral blood cells and further characterised by the expression of CD31, von Willebrand factor and fetal liver kinase-1. Capillary density was evaluated by immunofluorescent staining of vWF. We also determined plasma levels of stromal cell-derived factor (SDF-1) and vascular endothelial growth factor (VEGF) by ELISA and muscle expression of hypoxia-induced factor (HIF-1α) by Western blotting.
Abstract
Aims/hypothesis A reduction in the number of endothelial progenitor cells (EPCs) is considered a plausible cause of increased cardiovascular risk in diabetes mellitus. The aim of this study was to test the hypothesis that weak bone marrow mobilisation is responsible for the decrease in circulating EPCs in diabetes. Materials and methods We employed a model of hindlimb ischaemia-reperfusion (I/R) injury to study mobilisation of EPCs in control and streptozotocin diabetic rats. EPCs were defined by flow cytometry as Sca-1 + and Sca-1 + c-kit + peripheral blood cells and further characterised by the expression of CD31, von Willebrand factor and fetal liver kinase-1. Capillary density was evaluated by immunofluorescent staining of vWF. We also determined plasma levels of stromal cell-derived factor (SDF-1) and vascular endothelial growth factor (VEGF) by ELISA and muscle expression of hypoxia-induced factor (HIF-1α) by Western blotting.
Results In control rats, EPCs showed a mobilisation curve within 7 days, while diabetic rats were completely unable to mobilise EPCs after I/R injury. As a consequence, diabetic rats showed no compensatory increase in muscle capillary density. Defective EPC mobilisation in diabetes was associated with altered release of SDF-1 and VEGF and inability to upregulate muscle HIF-1α. Both insulin administration and premedication with granulocyte-colony stimulating factor and stem cell factor led to partial recovery in postischaemic mobilisation of EPCs in diabetic rats. Conclusions/interpretation Defective ischaemia-induced bone marrow mobilisation of EPCs impedes compensatory angiogenesis in ischaemic tissues of diabetic animals. Growth factor administration together with blood glucose control may offer a rational therapeutic strategy for diabetic ischaemic syndromes.
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Abbreviations c-kit cellular-kinase in tyrosine EDL extensor digitorus longus EPC endothelial progenitor cell Flk-1 fetal liver kinase-1 G-CSF granulocyte-colony stimulating factor HIF-1α hypoxia-inducible factor 1α I/R ischaemia-reperfusion Sca-1 stem cell antigen-1 SCF stem cell factor (c-kit ligand) SDF-1 stromal-derived growth factor Introduction Diabetes mellitus is characterised by an excess of cardiovascular disease and mechanisms involved in the pathogenesis of macrovascular complications include an impaired angiogenic response to ischaemia [1] . Endothelial progenitor cells (EPCs) have been identified as circulating precursors of adult neovasculogenesis and vascular homeostasis [2] ; they reside in the bone marrow and are mobilised to the peripheral blood upon many stimuli, including tissue ischaemia and the local release of cytokines and growth factors [3] . Recent data have demonstrated that reduced numbers of circulating EPCs predict cardiovascular events in patients with coronary artery disease [4, 5] and that EPC mobilisation after myocardial infarction parallels modifications of ventricular function during the follow-up [6] . Diabetes mellitus is characterised by a reduction in the number of circulating EPCs and we have shown that a decrease in the number of EPCs is related to the worsening of peripheral vascular complications [7] . We hypothesise that defective mobilisation of EPCs in response to ischaemia accounts for the very low levels of EPCs in the peripheral blood of diabetic patients, and determines the severely impaired compensatory collateralisation that is typical of diabetic vasculopathy. In this study, we employed a model of ischaemia-reperfusion (I/R) injury in control and streptozotocin-induced diabetic rats to test this hypothesis. Specifically, the aim was to evaluate whether the reduction in the number of EPCs in diabetes is attributable to impaired mobilisation in response to ischaemia and/or growth factors. We also explored whether lowering the concentration of glucose in the blood during I/R injury and premedication with haematopoietic growth factors significantly influence EPC mobilisation in diabetic rats.
Materials and methods

Animals
All the procedures involving animals and their care were conducted in accordance with international guidelines, laws and policies and with the National Institutes of Health Principles of Laboratory Animal Care (NIH publication no. 85-23, revised 1985) . The protocol was authorised by our local institutions.
In all experiments, adult male Sprague-Dawley rats weighting 250-300 g (Charles River, Wilmington, MA, USA), were used. Experimental diabetes was induced by a single injection of streptozotocin according to a standardised protocol [8] . Briefly, after 12 h of fasting, animals were sedated with inhaled sodium isofluorane followed by intraperitoneal injection of 50 mg/kg streptozotocin in sodium citrate buffer, 50 mmol/l, pH 4.5. Blood glucose concentration was determined on days 2, 7 and 14 by the use of a commercially available human glucose meter (Glucocard; ArkRay, Kyoto, Japan). Diabetes was confirmed when blood glucose was equal to or higher than 16.7 mmol/l (300 mg/dl) on at least two consecutive occasions within the first week. Rats whose blood glucose remained lower than 16.7 mmol/l after 1 week were withdrawn from the study. Control rats were injected intraperitoneally with a corresponding volume of buffer (saline). In order to stabilise hyperglycaemia and diabetes, all experiments were performed 4 weeks after confirmation of hyperglycaemia.
Hindlimb I/R injury
Control and diabetic rats (4 weeks of documented hyperglycaemia) were subjected to a 2-h hindlimb I/R injury as follows. Animals were anaesthetised by intramuscular injection of 700 μg/kg tilethamine hydrochloride-zolazepam hydrochloride mixture (Virbac, Peakhurst, NSW, Australia) plus 150 μg/kg xylazine (Bio 98, Bologna, Italy) subcutaneously. Distal limb perfusion was monitored with a laser Doppler flowmeter (Periflow; Perimed, Milan, Italy). A 9-mm large digit cuff (Perimed) was placed around the thigh and connected to a standard manometer. The cuff was inflated with air until the laser Doppler flowmeter recorded zero biological flow and the pressure on the manometer was above 200 mmHg. Perfusion and pressure in the cuff were monitored during the experiment to assure continuous and stable ischaemia; additional cuff inflations were performed when pressure fell occasionally below 200 mmHg or when perfusion tended to rise. After 2 h the cuff was deflated. At various time points after ischaemia, animals (four at each time point) were anaesthetised and blood samples were drawn by external cardiac aspiration until complete exsanguination. Bone marrow was obtained by flushing femurs and tibias. Euthanasia was then completed by giving an overdose of Tania (Internet International, Boxmeer, The Netherlands).
Insulin treatment during hindlimb I/R
In a separate set of diabetic animals (n=12), insulin was administered in order to achieve euglycaemia during the ischaemia and reperfusion periods. Briefly, 30 min before starting hindlimb ischaemia, 10 U/kg recombinant insulin analogue (Novorapid; Novo Nordisk, Bagsvaerd, Denmark) was administered subcutaneously. Blood glucose was monitored every 30 min and additional doses of insulin were administered when glucose rose above 11.1 mmol/l (200 mg/dl). In order to achieve prolonged euglycaemia, 50 U/kg of the long-acting insulin analogue glargine (Lantus; Sanofi-Aventis, Bridgewater, NJ, USA) was administered subcutaneously at the time of reperfusion and then daily until euthanasia, which took place 1, 3 or 7 days later, as described above.
Progenitor cell mobilisation with granulocyte-colony stimulating factor and stem cell factor Control and diabetic rats were treated with granulocytecolony stimulating factor (G-CSF; Amgen, Thousand Oaks, CA, USA) plus stem cell factor (SCF; Amgen) to study cytokine-mediated progenitor cell mobilisation, as described previously [9] . Briefly, on days 1-5 before I/R injury, rats were injected subcutaneously with 50 μg/kg G-CSF plus 200 μg/kg SCF daily. On day 5, rats were anaesthetised and blood samples were drawn from the tail vein, and then the rats underwent I/R injury as described above. In these experiments, diabetic animals were not treated with insulin. Animals were then killed on day 8 in order to achieve a 3-day reperfusion time.
Flow cytometry
All samples were processed after 1-2 h. Progenitor cells were defined by the surface expression of stem cell antigen-1 (Sca-1) and c-kit (CD117) antigens [10, 11] . Peripheral blood or bone marrow cells were analysed for the expression of cell surface antigens with direct twocolour flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA) using conjugated monoclonal antibodies. Briefly, 150 μl of peripheral blood was incubated with 10 μl of phycoerythrin-conjugated antimouse Sca-1 monoclonal antibody (Cederlane, Hornby, ON, Canada) and 10 μl of fluoroisothiocyanate-conjugated anti-mouse c-kit monoclonal antibody (BD Biosciences), followed by incubation at 4°C for 30 min. The frequency of peripheral blood cells positive for the above reagents was determined by a two-dimensional side scatter-fluorescence dot plot analysis of the samples stained with the different reagents, after appropriate gating to exclude granulocytes. Initially we gated Sca-1 + peripheral blood cells and then examined the resulting population for dual expression of c-kit (Fig. 1a,b) . For further analysis, Sca-1 + cells were studied for the expression of CD31 using a phycoerythrinconjugated anti-rat CD31 monoclonal antibody (BD Biosciences), reflecting endothelial differentiation of progenitor cells (Fig. 1c,d ). Data were processed using the Macintosh CELLQuest software program (BD Biosciences). A single trained operator (I.B.), who was blind to the status of the animal, performed all flow cytometric analyses throughout the study.
Cell characterisation
To further characterise progenitor cells, Sca-1 + cells were studied for the expression of von Willebrand factor (vWF) and fetal liver kinase-1 (Flk-1) using direct immunofluorescence (Fig. 1e) . Peripheral blood mononuclear cells were separated using Histopaque (Sigma Aldrich, St Louis, MO, USA) and fluorescence-activated cell sorting of Sca-1 + cells was performed. Isolated Sca-1 + cells were fixed and incubated with anti-vWF (Dako Cytomation, Glostrup, Denmark) and anti-Flk-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies and secondary Cy2 anti-rabbit (Chemicon International, Temecula, CA, USA) and TRITC-anti-mouse (Dako Cytomation) antibodies. The Sca-1 + vWF + Flk-1 + cells were then visualised under a fluorescence microscope. Histological examination Five-micrometre cryosections of tibialis anterior and extensor digitorus longus (EDL), as representative of predominantly fast glycolytic muscles, were stained with a haematoxylin and eosin kit (Bio-Optica, Milan, Italy) according to the manufacturer's protocol.
Capillary density
Capillary density was studied in the EDL because its small cross-section allowed easy determinations of the entire capillary bed. Five-micrometre muscle sections were incubated with purified anti-vWF antibody (Dako Cytomation) and with a secondary goat anti-rabbit Cy2 IgG (Chemicon International) antibody, and then observed under a fluorescence microscope. Nuclei were stained with Hoechst 33258 (Sigma Aldrich). Capillaries were counted by two independent operators in the entire section surface and in five sections at different levels along the length of the muscle. Capillaries were defined as vascular structures surrounded by a monolayer of vWF + nucleated cells and were distinguished from venules and arterioles on the basis of diameter and because the arteriolar wall included concentric layers of smooth muscles cells. Section area was determined under a light microscope and capillary density was calculated as capillary count divided by section area.
Vascular endothelial growth factor and stromal-derived growth factor assays Plasma levels of vascular endothelial growth factor (VEGF) and stromal-derived growth factor (SDF-1) were determined with an ELISA using commercially available kits (antimouse VEGF ELISA kit, Biosource International; CXCL12/SDF-1α Quantikine ELISA kit, R&D Systems, Minneapolis, MN, USA) according to the manufacturer's protocol.
Expression of hypoxia-inducible factor 1α
Because of its larger volume in comparison with EDL, the tibialis anterior muscle was used to determine the expression of hypoxia-inducible factor 1α; (HIF-1α). Briefly, tibialis anterior tissue extracts were prepared by homogenisation followed by lysis with the extraction buffer (100 mmol/l NaCl, 50 mmol/l KCl, 0.1 mmol/l EDTA, 20 mmol/l Tris-HCl pH 7.5, 10% glycerol, 0.2% Nonidet NP-40, 0.1% Triton X-100) and treatment with a cocktail of protease inhibitors (Sigma Aldrich). To obtain nuclear proteins, the pellet was treated with extraction buffer plus SDS 10% and centrifuged. Nuclear proteins were then diluted with 750 μl Laemmli's sample buffer plus 250 μl β-mercaptoethanol (Serva, Heidelberg, Germany), heated, spun down and further diluted with sample buffer. HIF-1α expression was investigated by Western blotting. The area and intensity of the HIF-1α band were normalised to nuclear lamin A/C expression, as described previously [12] , using anti-HIF-1α and anti-lamin A/C antibodies (Santa Cruz). Secondary antibodies were rabbit anti-goat IgG conjugated with horseradish peroxidase (HRPO) and pig anti-rabbit check IgG-HRPO (Chemicon International).
Statistical analyses
Data are expressed as mean±SEM. Cell counts are expressed as the number of cells per 10 6 cytometric events. Student's t test was applied to compare data from two independent groups. Pearson's r coefficient was used to assess linear correlations between continuous variables. Statistical significance was accepted at p≤0.05.
Results
Characterisation of progenitor cells
Peripheral blood and bone marrow progenitor cells were characterised by the expression of Sca-1 and c-kit antigens (Fig. 1a,b) . To exclude the possibility that variations in Sca-1 + and Sca-1 + c-kit + cells were due to an inflammatory response to I/R injury, granulocytes were gated out of the analysis and the progenitor cell count was always normalised to the total leucocyte count (10 6 cytometric events). Ranges for Sca-1 + and Sca-1 + c-kit + cells were 0.05-0.9% and 0.004-0.05% of circulating leucocytes, respectively. To further characterise progenitor cells, we determined the coexpression of other markers, showing that 86.3±3.5% of Sca-1 + cells also expressed CD31 (Fig. 1c,d) . Moreover, Sca-1 + cells separated by fluorescence-activated cell sorting also included a rare population of vWF + Flk + cells, as shown by immunofluorescence, which may be considered the true endothelial progenitors (Fig. 1e) .
Characterisation of the I/R injury
The hindlimb I/R injury was performed to set up an acute and transient ischaemic insult and to study the mobilisation of progenitor cells from bone marrow to peripheral blood. Ischaemia was ascertained during the procedure by monitoring the pressure around the thigh and the flow distal to the cuff, and the corresponding injury was confirmed at the time the animal was killed in muscle sections stained with haematoxylin and eosin. Myofibres in the lesion area showed extensive disarrangement and ballooning as well as marked signs of myocellular death. These alterations were more evident 1 day after the ischaemic insult, were more pronounced in the EDL, did not differ macro-and microscopically between control and diabetic animals, and did not differ between animals treated or not with insulin or haematopoietic growth factors (Fig. 2) .
Kinetics of progenitor cell mobilisation after ischaemia (Fig. 3a) . The increase in the number of progenitor cells compared with baseline was statistically significant from days 1 to 6. On the basis of this kinetic, a four time-point analysis was performed in diabetic animals, which included evaluation of progenitor cells at baseline and days 1, 3 and 7 after ischaemia (Fig. 3b,c) . Diabetic rats did not show an increase in progenitor cell count after I/R injury; it is noteworthy that a paradoxical 1.61-fold decrease from days 1 to 3 was observed for Sca-1 
Quantification of progenitor cells in bone marrow
To explore the relationship between peripheral blood and bone marrow progenitor cells, we also determined the levels of Sca-1 + and Sca-1 + c-kit + cells in bone marrow of control and diabetic rats at baseline and at the moment of maximal marrow stimulation according to the kinetic described above. In both control and diabetic animals there was a small, non-significant increase in marrow Sca-1 + cells from baseline to day 3, while the Sca-1 + c-kit + cell count did not vary. Remarkably, at both baseline and day 3, the numbers of bone marrow progenitors were not statistically different in diabetic and control animals (Fig. 3d) .
Capillary density
To explore whether altered mobilisation of progenitor cells in diabetes was associated with defective angiogenesis in the ischaemic muscles, we evaluated capillary density in the injured and contralateral muscles 7 days after ischaemia (Fig. 4) . In control rats, there was a mean 50% increase in EDL capillary density compared with contralateral nonischaemic muscles. No increase in capillary density was seen in ischaemic muscles from diabetic rats.
Plasma levels of VEGF and SDF-1α after I/R injury
To investigate putative mechanisms of reduced progenitor cell mobilisation in the setting of diabetes, we measured plasma levels of VEGF and SDF-1α at the same time points as those used in the analysis of progenitor cell kinetics (Fig. 5a,b) . In control animals, both VEGF and SDF-1α increased after ischaemia and peaked at day 3 (2.9-and 2-fold, respectively). In diabetic animals, VEGF showed an analogous peak at day 1 after I/R and decreased rapidly to baseline levels on day 3, whereas no significant variation in SDF-1α occurred throughout the reperfusion period. Interestingly, at day 3, which corresponded to the peak of VEGF and SDF-1α and the mean peak time of progenitor cells in control animals, levels of both VEGF and SDF-1α were significantly lower in diabetic than in control rats. Plasma levels of SDF-1α were also closely correlated to the numbers of Sca-1 + and Sca-1 + c-kit + cells in both control and diabetic animals (Fig. 5c) , while correlations of VEGF with progenitor cells were not statistically significant (not shown).
HIF-1α expression in the target tissue
We then hypothesised that altered expression and release of VEGF and SDF-1 were due to inability to upregulate hypoxia-sensitive systems. HIF-1α expression increased dramatically in control rats after ischaemia, with a 5.5-fold peak on day 3, and returned to near the basal level after 7 days, whereas it was paradoxically downregulated in diabetic animals (Fig. 5d) .
Effects of blood glucose lowering during I/R As the main metabolic alteration in streptozotocin-induced diabetes in rats is severe hyperglycaemia, we tested the hypothesis that diabetes-induced defective progenitor cell mobilisation can be reversed by lowering blood glucose. In the insulin-treated group, blood glucose was kept below 11.1 mmol/l (6.9±1.2 mmol/l) during ischaemia and we actively sought to achieve sustained euglycaemia during the whole reperfusion time despite wide variability in daily insulin needs (blood glucose during reperfusion 9.4± 1.7 mmol/l). Lowering the blood glucose concentration during I/R was followed by partial recovery of mobilisation capacity, since circulating Sca-1 + cells had increased 4.7- (Fig. 3b,c) . This improvement in progenitor cell mobilisation was mirrored by increases, albeit non-significant, in the numbers of bone marrow Sca-1 + (1.8-fold) and Sca-1 + c-kit + cells (1.7-fold) (Fig. 3d) . Moreover, glucose lowering led to a significant 2.6-fold increase in VEGF levels at day 3 compared with nontreated animals (56.3±12.0 vs 21.6±10.2 pg/ml, p=0.03), while SDF-1 levels were not affected (not shown).
Mobilisation of progenitor cells after growth factor administration
To establish whether growth factor-mediated progenitor cell mobilisation was also defective in the presence of diabetes, we employed a protocol for bone marrow stimulation described previously [9] . To verify whether this treatment allowed recovery of mobilisation capacity in diabetic animals, an I/R injury was set up after marrow stimulation (Fig. 6) . In control rats, Sca-1 + increased 3.7-fold compared with baseline at the end of marrow stimulation and peaked 7.9-fold at day 3 of reperfusion after ischaemia; Sca-1 + c-kit + cells did not increase after marrow stimulation, but reached a 2.34-fold peak after I/R injury. In diabetic rats, a similar trend was seen, although at lower levels: Sca-1 + cells increased 2.2-fold after marrow stimulation and peaked 4.7-fold after ischaemia; Sca-1 + c-kit + cells did not increase after marrow stimulation, but had a 1.6-fold peak at day 3 after ischaemia. Taken together, these results suggest that preventive marrow stimulation leads to a partial recovery of ischaemia-induced progenitor cell mobilisation in diabetic animals, but also suggest that marrow responsiveness is subnormal in diabetes.
Discussion
Diabetic patients are at increased risk of cardiovascular disease and their prognosis after acute events is poorer than that of non-diabetic subjects [13] . The present study demonstrates that ischaemia-and growth factor-mediated mobilisation of progenitor cells is defective in diabetic rats.
We have demonstrated previously in humans that worsening degrees of diabetic vascular complications are paralleled by progressive EPC exhaustion [7] . This is in accordance with the hypothesis that diabetes lowers the number of circulating EPCs and that the resulting poor regenerative capacity favours the clinical development of vascular disease, by altering endothelial homeostasis and inhibiting compensatory angiogenesis [14] . Available data make this picture likely, but the mechanisms are largely unknown [15] . EPC reduction in diabetes may have two causes: shortened peripheral survival due to hyperglycaemic stress, and altered bone marrow mobilisation. While the former hypothesis has been substantiated [16, 17] , the latter has not been tested before. In the present work, we have used a model of transient ischaemia to study the mobilisation of Sca-1 + and Sca-1 + c-kit + progenitors in control and diabetic rats. The selected cell populations represent highly immature cells that account for a small fraction of circulating mononuclear cells and include endothelial-committed precursors involved in compensatory angiogenesis at ischaemic sites [10, 11] In control rats, at day 7 (black columns) vs basal (white columns), capillary density was increased by about 50%, whereas it was not significantly modified in diabetic rats. *p<0.05 in their diabetic counterparts. Bone marrow progenitors were not significantly reduced in diabetic animals, suggesting that the mobilisation process rather than the central compartment was affected by the diabetic state. Consistently, hampered mobilisation of progenitor cells in diabetic rats was followed by inability to increase the capillary density of the target tissue in comparison with controls.
It is likely that the weakened mobilisation process was due to deficient bone marrow stimulation after ischaemia, as shown by the altered release of VEGF and SDF-1α, both of which are implicated in EPC mobilisation [18] . In control animals, the time course of the plasma concentrations of both VEGF and SDF-1α peaked at day 3 after ischaemia. In diabetic animals, whereas SDF-1α remained at baseline, VEGF had an early peak at day 1. Therefore, inability to upregulate SDF-1α seemed to account for the defective progenitor cell mobilisation in diabetes. According to the recently described comprehensive effects of SDF-1α on progenitor cells [19] , in our study plasma levels of SDF-1α were strictly correlated to Sca-1 + and Sca-1 + -c-kit + levels, suggesting a relevant role of SDF-1α in progenitor cell mobilisation. Since it has been proposed that VEGF and SDF-1α act together in stimulating angiogenic processes [20] , the time-discordant activation of these factors in diabetes may have an important impact on the efficiency of neovascularisation. In fact, both VEGF and SDF-1α are regulated by hypoxia and are responsive to the oxygensensing system involving HIF-1α. The HIF-1α-SDF-1α axis has been shown to mediate adhesion, migration and homing of circulating progenitor cells to ischaemic tissues [21] . It is noteworthy that in control animals we have shown that peak plasma levels of VEGF and SDF-1α were synchronous with the highest expression of HIF-1α, which is potently upregulated after muscle ischaemia. Conversely, in diabetic animals the altered release of angiogenic factors into the circulation was associated with downregulation of HIF-1α after I/R injury. Alterations of hypoxia-sensitive genes have been reported previously in diabetes: for example, blunted HIF-1α induction after myocardial ischaemia has been associated with increased infarct size .85) and diabetic animals (empty squares, r=0.72). d Protein levels of HIF-1α normalised to lamin A/C and expressed as fold-variation vs basal and representative Western blots at the same time points in diabetic (black columns) and control (white columns) rats. *p<0.05 [22] . I/R injury sets up a typical pro-oxidative condition that may be worsened by the diabetic state, which is characterised by increased oxidative stress and reduced anti-oxidative defences [23] [24] [25] . Enhanced production of reactive oxygen species simulates a hyperoxic state and may lead to HIF-1α ubiquitination and degradation after ischaemia in diabetes [26] . Moreover, hyperglycaemia itself has been shown to inhibit hypoxia-induced stabilisation of HIF-1α protein against degradation [27] . Therefore, we suggest that the weak angiogenic response to ischaemia in diabetes depends upon inability to mobilise the progenitor cells necessary for new vessel growth. Speculatively, the mechanistic explanation can be traced back to the wellknown unifying hypothesis [23] , because oxidative stress may represent the prime mover of this alteration. It is noteworthy that stimulation of angiogenesis through an increase in the number of EPCs has been demonstrated recently in diabetic mice after administration of benfotiamine, which is believed to block the biochemical pathways responsible for the enhanced production of reactive oxygen species in diabetes [28] . Future research could be directed to verifying whether inhibition of oxidative stress is able to prevent the downregulation of HIF-1α after ischaemia, allowing adequate bone marrow stimulation, release of angiogenic cells and collateralisation to overwhelm vascular obstruction. This study also explored possible treatment strategies to restore progenitor cell release after ischaemia. We show that the ability of progenitor cells to be mobilised is partly recovered if insulin is administered to diabetic rats during the I/R period to correct hyperglycaemia. Treated rats also showed a significant increase in VEGF levels at day 3, which may have compensated, in part, for the SDF-1α deficiency and supported progenitor cell mobilisation. Lowering blood glucose remains the standard therapy to prevent late diabetic complications [29] . Intensified glucose control also increases survival after acute coronary syndromes [30] , and the ability to upregulate progenitor cells after myocardial infarction is directly correlated to the residual left ventricular function [6] . Even if the results of the present study need to be confirmed in humans, we may hypothesise that glucose control increases progenitor cell levels and ameliorates compensatory angiogenesis, thus minimising residual ischaemia. Whether the increase in progenitor cell levels was due to decreased blood glucose levels rather than insulin itself is not clear. Consistent with the existing literature, we would like to speculate that lower glucose levels prolong progenitor cell survival [16] and insulin supplementation mobilises marrow cells, possibly through nitric oxide stimulation [31] .
Haematopoietic growth factors have been shown to mobilise EPCs and increase neovascularisation of ischaemic tissues [32, 33] , but it was not known whether these effects are preserved in diabetes. Our results indicate that pretreatment with G-CSF and SCF leads to a partial recovery of mobilisation of Sca-1 + and Sca-1 + c-kit + cells in diabetic animals, although its efficiency is still blunted with respect to controls. On the whole, our data suggest that defective progenitor cell release in diabetes may be due to both weak bone marrow stimulation by the ischaemic tissue and reduced bone marrow responsiveness to mobilising factors.
In conclusion, this study demonstrates that diabetes is associated with defective ischaemia-induced mobilisation of progenitor cells from bone marrow to peripheral blood, with a subsequent deficiency in compensatory angiogenesis in the ischaemic tissue. This dysfunction may be due to inability to upregulate hypoxia-sensing systems after an ischaemic insult, and to depressed bone marrow responsiveness. Both blood glucose lowering and pretreatment with haematopoietic growth factors can acutely restore the mobilisation of progenitor cells to some extent, suggesting that these therapeutic strategies may predispose to favourable outcomes in diabetic ischaemic syndromes.
